Introduction
Gamma-Ray Bursts (GRBs) are brief, intense flashes of gamma-rays originating at cosmological distances, and they are the most luminous objects in the universe. The emitted radiation energy is dominant in the 0.1-1 MeV energy range. It has been established that the prompt gamma-ray emission is produced in the relativistic jets. However, in spite of extensive observational and theoretical efforts, several key questions concerning the nature of the central engines of the relativistic jets and the jets themselves remain poorly understood (for recent reviews, see [1, 2, 3] ). In fact, some of these questions are very difficult or even impossible to answer with the light-curve and spectral information currently collected from the optical to GeV gamma-rays. On the other hand, polarization information can lead to unambiguous answers to these questions. In particular, polarimetric observations of GRBs can address the prompt emission mechanism, magnetic composition, and geometric structure of GRB jets [4, 5] . The polarimetric data taken together with the light-curve and spectral data may reveal the driving mechanism of the jets and the nature of the central engines.
Recently, we have measured gamma-ray polarizations in the 70-300 keV range with ∼ 3σ confidence levels, for the first time, in three bursts with the Gamma-ray Burst Polarimeter (GAP) onboard the small solar-power-sail demonstrator IKAROS [6, 7] . We review the observational results of the GAP as well as other instruments with discussing some theoretical implications. We also report a strict observational verification of CP T invariance in the photon sector as a result of the GRB polarization measurements [8] .
Observations
There were several reports of detections of linear polarization with low significance. Coburn & Boggs (2003) [9] reported detection of strong polarization from GRB 021206 with RHESSI solar satellite. However, independent authors analyzed the same data, and concluded that no polarization signals were confirmed [10, 11] . INTEGRAL-SPI and -IBIS data showed detections of polarization with ∼ 2σ confidence level from GRB 041219 [12, 13, 14] . However, the results of SPI and IBIS for the brightest pulse of GRB 041219 appear inconsistent with each other, i.e., the SPI teams detected strong polarization of Π = 98 ± 33% and Π = 63 +31 −30 % with 2σ statistical level, while the IBIS team reported a strict upper limit of Π < 4% (although their results for the other temporal intervals are consistent). Therefore, the previous reports of the gamma-ray polarimetry for GRBs are all controversial.
IKAROS is a small solar-power-sail demonstrator [15] , and successfully launched on 21 May 2010. The GAP onboard IKAROS is fully designed to measure linear polarization in prompt emission of GRBs in the energy range of 70-300 keV. The GAP's Table 2 : Light-curve and spectral data of the three GRBs taken from the GCN circulars. E p is the photon energy of the time-averaged νF ν spectrum.
high axial symmetry in shape and high gain uniformity are keys for reliable measurement of polarization and avoiding fake modulation due to background gamma-rays. These realized the quite small systematic uncertainty of ≃ 1.8% level [16] . The GAP detected the linear polarization of the prompt emission of GRB 100826A, GRB 110301A, and GRB 110721A. The polarimetric data as well as the light-curve and spectral data of these three bursts are summarized in Table 1 and 2. The polarization degrees Π > 0% at ∼ 3σ confidence level, and these are the most convincing detections of polarization of GRB prompt emission so far. See 2012) and [6, 7, 8] for more details on the data analysis.
We see that there are cases with and without a significant change of the polarization angle (PA). GRB 100826A, with long duration T 90 ∼ 100 s, shows a PA change, while GRB 110301A and 110721A, with short duration T 90 ∼ 10 s, shows no PA change. On the other hand, the polarization is detected both for the GAP observed energy range < E p (GRB 100826A and GRB 110721A) and for > E p (GRB 110301A). The time-averaged fluxes (the fluences divided by T 90 ) of the three bursts are all ∼ 3 × 10 −6 erg cm −2 s −1 , which is very high. We note that no spectroscopic redshifts were determined for these three bursts.
The polarimetric data of GRB 041219A as well as the recent report on GRB 061122 with IBIS onboard INTEGRAL appear consistent with the GAP results listed above. GRB 041219A shows PA changes, and GRB 061122 has Π > ∼ 30% at 2σ significance level [14, 17] .
Implications for Emission Mechanism
Here we present some theoretical implications for the emission mechanism, focusing on the above results that there are cases with and without a significant PA change, and that Π > 30% for the cases of no PA change.
For the light-curve and spectral dataset of GRB prompt emission in the 0.1-1 MeV energy range, the synchrotron emission model and the photospheric quasithermal emission model have been actively debated (for reviews, see [1, 2, 18] ). In general, the relativistic jets are optically thick in the vicinity of the central engine, and the photospheric emission is released at the photosphere. The jets are optically thin outside the photosphere and can emit the synchrotoron radiation through the internal shock dissipation and/or the magnetic energy dissipation. The long-standing problem is which emission is dominant in the 0.1-1 MeV energy range, synchrotron or photospheric.
Synchrotron Models
First, let us discuss the synchrotron models. They include three different models in respect of the magnetic field structure in the emitting region. For all the models, we assume that the electrons have an isotropic pitch angle distribution and a nonthermal energy spectrum, and thus the polarization degree from a local emitting point is Π syn max = −γ B /(−γ B + 2/3), where γ B is the photon power-law index [19] . Typical bursts have γ B ≃ −1 for E < E p and γ B < ∼ −2 for E > E p .
SO model
One type of the magnetic field structure is a helical field, which may be advected from the central engine. Such globally ordered fields can produce high-Π emission [20, 21, 4] . We call this the "SO model" (synchrotron, ordered-field model). As the simplest model, we may assume an instantaneous emission from a thin spherical shell moving radially outward with a bulk Lorentz factor Γ ≫ 1 and an opening angle θ j , where the emissivity is uniform over the shell. 2 . Since we consider the spherical shell, only a fraction of the shell with θ < Γ −1 around the line of sight is bright because of the relativistic beaming effect. This bright region is small for the cases of Γ −1 ≪ θ j (i.e., y j ≫ 1) (see Fig 1 right ). For the on-axis case, i.e., θ v < θ j , the direction of the magnetic field is quite ordered in the bright region, one has high polarization degree, Π ∼ 40%.
Another important point is that the PA does not vary for a fixed θ v but different Γ. Therefore, the observed significant PA change may suggest that the emission is not 2 , where Γ is the bulk Lorentz factor of the jet. Typical parameters are adopted for the emission spectrum (see [4] for details). Right: Schematic picture of the jet with the toroidal component of the magnetic fields (thin lines). Only a fraction of the emitting shell, θ < Γ −1 around the line of sight is bright because of the relativistic beaming effect.
uniform over the shell, but consists of multiple patches with characteristic angular size much smaller than jet opening angle, θ p ≪ θ j [6] (see Figure 2 ). In the case of Γ −1 ∼ θ j , it is natural that one sees multiple patches with different magnetic field directions, and observes significant PA changes. On the other hand, if Γ −1 ≪ θ j , one only sees a limited range of the curved magnetic fields, which leads to no significant PA change even if the emission is patchy. In such a scenario, GRB 100826A corresponds to the case of Γ −1 ∼ θ j , while the other two bursts with no PA change correspond to the case of Γ −1 ≪ θ j . We may consider an alternative scenario in which the initially ordered helical fields get distorted during the energy dissipation phase, making different field directions within the bright region of θ < Γ −1 [22] . The PA changes can naturally occur in this scenario, but when the emission duration is short, the PA change does not necessarily occur. Another scenario is that the GRB jets consist of multiple shells which have globally ordered transverse (not helical or toroidal) magnetic fields with a different direction for each shell. It has been recently claimed that such impulsive shells can be accelerated to relativistic speeds [23] . In this scenario also, the PA changes naturally occur for long duration bursts with large number of emitting shells, but do not necessarily occur for short duration bursts with small number of emitting shells. 
SR model
The collisionless shocks formed in the jet may produce sizable magnetic fields with random directions on plasma skin depth scales through e.g., the Weibel instability [24, 25] . Synchrotron emission from such fields can have high Π, provided that the field directions are not isotropically random, reflecting the direction of the shock propagation direction. In many studies, the extreme case is assumed, i.e., the field directions are confined in the plane parallel to the shock front [21, 26, 4] . We call this the "SR model" (synchrotron, random-field model).
In this model, the radiation propagating in the direction parallel to the shock front is maximally polarized in the comoving frame of the emitting fluid. Such radiation is observed as that from the points with θ = Γ −1 around the line of sight. As a result, the local polarization vectors are axisymmetric around the line of sight (see 2 . In this model with the uniform emissivity over the shell, a high Π can be obtained only when θ v ∼ θ j + Γ −1 . For this configuration, one cannot have the PA change even for a fixed θ v but different Γ. For θ v < θ j , one can have the PA change with varying Γ, but Π is very low.
The observed PA change with high Π may suggest the patchy emission structure in this model [6] . If the emission is patchy, Π can be high even for θ v < θ j , and one can have the PA changes (see also [27] ). The characteristic angular size of the patches may be hydrodynamically constrained to be θ p > ∼ Γ −1 . In this model, however, one requires fine tuning that the observed patches should be dominated by those with patches observed with θ vp < ∼ θ p decrease the net Π. On the other hand, the bursts we observed are all very bright, which implies that some patches are seen with θ vp < ∼ θ p . Therefore, the SR model is not favored to explain the observed Π > ∼ 30%.
SH model
The internal shocks may also produce strong magnetic fields with random directions on hydrodynamic scales, much larger than the plasma skin depth scales, through e.g., the Richtmyer-Meshkov instability [28, 25] . We call this the "SH model" (synchrotron model with random fields on hydrodynamic scales). If the field directions are isotropically random, the net polarization degree is Π ∼ Π syn max / √ N , where N is the number of independent patches with coherent field in the bright region with θ ∼ Γ −1 around the line of sight, and the PA change can be naturally realized. Unlike the SR model, the emission from patches seen with small θ vp can have high Π, so that this model is in agreement with the high brightness of the bursts.
By utilizing the MHD simulations of internal shocks with initial density fluctuations, Inoue et al. (2011) [28] deduced N ∼ 10 3 from the typical scale of the coherent magnetic fields, which did not appear to be consistent with the observed Π > ∼ 30%. However, the recent detailed analysis of the numerical simulation suggests that the magnetic fields perpendicular to the shock front are selectively amplified, which might increase the net Π [29] . The aim of this recent simulation is to explain the radially aligned fields observed in some young supernova remnants, e.g., [30] , in which the shock velocity is non-relativistic, although probably the properties of the amplified fields may not be different in the mildly-relativistic case like the internal shocks of jets (T. Inoue, private communication).
Photospheric Emission Model
The photospheric emission model assumes that the emission at E > ∼ E p is the quasithermal radiation from the photosphere (see [31] and references therein). The emission at E < E p may be a superposition of many quasi-thermal components with different temperatures [32, 18, 33] or contribution of the synchrotron emission [34] . The quasi-thermal radiation can have high Π when the radiation energy is smaller than the baryon kinetic energy at the photosphere [31] . In this case, the angular distribution of the radiative intensity is beamed towards the expansion direction in the fluid frame around the photosphere, and the last electron scatterings produce the linear polarization. Then the photons scattered to the transverse directions are maximally polarized in the fluid frame. This situation is the same as the SR model. As a result, the observed polarization vectors are symmetric around the line of sight. The polarization degree of emission from a given direction is determined by the brightness distribution below the photosphere (the last scattering points are widely distributed below the photosphere) and the photon anisotropy before the last scatterings, which provide Π ≤ Π qt max ∼ 40% [31] . Similar to the SR model, the observed PA change may suggest the patchy emission structure. The angular size of the patches may be hydrodynamically constrained to be θ p However, it is possible that the synchrotron emission contributes to the net polarization at E < E p [34] . One may consider the SO or SH model for this synchrotron component. This interpretation may be valid for GRB 100826A and GRB 110721A, for which the GAP energy range is below E p .
Observational Test of CP T Invariance
Lorentz invariance is the fundamental symmetry of Einstein's theory of relativity. However, in quantum gravity such as superstring theory, loop quantum gravity, and Hořava-Lifshitz gravity, Lorentz invariance may be broken either spontaneously or explicitly (see [8, 35, 36, 37] and references therein). Dark energy, if it is a rolling scalar field, may also break Lorentz invariance spontaneously. In the absence of Lorentz invariance, the CP T theorem in quantum field theory does not hold, and thus CP T invariance, if needed, should be imposed as an additional assumption. Hence, tests of Lorentz invariance and those of CP T invariance can independently deepen our understanding of the nature of space-time.
If CP T invariance is broken then group velocities of photons with right-handed and left-handed circular polarizations should differ slightly, leading to birefringence and a gradual PA rotation of linear polarization. This is quite similar to the Faraday rotation effect on the photons propagating through the ordered magnetic fields [19] , although the CP T invariance violation effect is stronger in higher energy range, in the opposite way to the Faraday rotation effect. The CP T invariance violation effect is very tiny, but its accumulation from a celestial object through the long distances may be significant. Thus a test of such an effect can be performed with the polarization of the GRB prompt emission, which originates at the cosmological distances and is bright in high-energy gamma-rays.
As we explicitly show below, the reliable measurement of gamma-ray linear polarization presented above enables us to obtain a strict limit on CP T violation. In order to do this, source distances of the three GRBs are required to be estimated, but unfortunately their redshifts are not determined. Instead, we use a well-known distance indicator for GRBs,
, where L p is the peak luminosity and z is the source redshift [38, 39] . Once we measure E p and peak flux we can calculate a possible redshift. This correlation equation includes systematic uncertainty caused by the data scatter. Possible redshifts are then estimated to be 0.71 < z < 6.84, 0.21 < z < 1.09, and 0.45 < z < 3.12 with 2σ confidence level for GRB 100826A, GRB 110301A, and GRB 110721A, respectively.
Limit on CP T violation
In the effective field theory approach, Lorentz violating (LV) effects suppressed by E/M Pl arise from dimension-5 LV operators [35] , where
19 GeV is the Planck mass. Hereafter we shall adopt the unit withh = c = 1. In the photon sector they manifest as the Lorentz-and CP T -violating dispersion relation of the form E
where ± denotes different circular polarization states and ξ is a dimensionless parameter. If ξ = 0, then Eq. (1) leads to slightly different group velocities for different polarization states. Hence, the polarization vector of a linearly polarized wave rotates during its propagation [36] . The rotation angle in the infinitesimal time interval dt is
, the rotation angle during the propagation from the redshift z to the present is expressed as
Here k is the comoving momentum, H 0 = 1.51 × 10 −42 GeV, Ω m = 0.27, and Ω Λ = 0.73.
For large ∆θ(k, z) in the GAP energy range (E min = 70 keV and and E max = 300 keV), the polarizations at different energies are canceled, and the net polarization integrated over the GAP energy range is significantly depleted and cannot be as high as the observed level. The detection of highly polarized gamma-ray photons in the GAP energy range thus implies that |∆θ(E 2 , z) − ∆θ(E 1 , z)| ≤ π/2, where we consider that a certain proportion of the total number of photons are included in E 1 < k < E 2 . In order to obtain an upper bound on |ξ| from this inequality, we set E 1 = E min and determine E 2 by
where Π is the net polarization degree over the GAP energy range E min ≤ k ≤ E max . This prescription for E 1,2 corresponds to an ideal situation in which the detected signal has 100% of the polarization degree and uniform polarization direction over the range E min ≤ k < E 2 , but has no polarization in the range E 2 ≤ k ≤ E max . With more realistic momentumdependencies of the polarization degree and direction, E 2 would be higher and, hence, the bound on |ξ| would be tighter. For GRB 110721A, the 2σ lower limits γ B > −0.98 and Π > 35% for the GAP energy range lead to E 2 ≃ 120 keV. Setting z > 0.45 in |∆θ(E 2 , z) − ∆θ(E min , z)| ≤ π/2, we obtain the constraint as |ξ| < 7 × 10 −15 . More accurate constraints are obtained by requiring that
] with the intrinsic polarization degree Π i = 1. Using Π > 0.35 and γ B > −0.98, we obtain the constraint from GRB 110721A as
which is tighter than the above rough estimate. From GRB 100826A and GRB 110301A, we obtain weaker constraints [8] . See [8] for comparison of this result to the constraints from other experiments.
Summary and Discussion
As for the prompt emission mechanism, the SO model can explain all of the GAP results, although even this model does not easily produce polarization as high as Π > 40%. The SR model requires the off-axis viewing angles of the emission regions, for which the brightness is low because of the relativistic beaming effect. The observed high brightness of the three bursts disfavors this model. The SH model is also disfavored if the turbulent field directions are isotropic and N ∼ 10 3 as suggested by the MHD simulations of [28] . However, the field directions might be anisotropic as claimed by the recent detailed analysis of the simulations [29] . More careful studies are needed. The polarization properties of the quasi-thermal emission from the photosphere are quite similar to those of the SR model, and thus it is also disfavored. However, it is possible that the contribution of the synchrotron emission from the photosphere at E < E p [34] based on the SO or SH model might reproduce the observational results.
In general, the ordered helical magnetic fields are advected from the central engine. If the SR, SH, or quasi-thermal model is valid, the energy density of such an ordered field component is sub-dominant, while if the SO model is valid, it is dominant and also controls the dynamics. In other words, the SO model implies that the jets are dominated by the Poynting flux rather than the baryon kinetic energy flux, and they are driven electromagnetically rather than by the thermal pressure.
However, it should be noted that the SO model assumes globally ordered fields in the emission region. On the other hand, the observed dim X-ray afterglows just after the prompt emission (i.e., the so-called X-ray plateau) have suggested that prompt emission has very high efficiency (even > 90% for some bursts) [40, 41] , which means that the energy dissipation, usually involving field distortion, occurs globally. Reconciling the high Π with the high radiation efficiency looks to be a dilemma, which will have to be resolved in more quantitative modeling.
Anyway, more accurate observational data and the statistical study of such data are needed and essential to solve the problems, cf., [4] . There are several polarimeter mission concepts, such as PETS [42] and TSUBAME [43] . There is a possibility that some bursts would be detected more reliably with Π ≫ 40%, which suggests the Compton drag model [44, 45, 4] . The polarization spectrum would be also valuable. The composite model of the quasi-thermal plus synchrotron emissions [34] may show a specific tendency in the polarization spectra.
We have obtained the tight constraint on the CP T invariance parameter, |ξ| < 2 × 10 −15 , from the reliable measurement of the gamma-ray polarization with GAP [8] . Tighter constraint, |ξ| < 3 × 10 −16 , has been recently obtained for GRB 061122 with spectroscopic redshift by using the INTEGRAL-IBIS data [17] .
In the effective field theory approach [35] , there is only one operator that leads to a linear energy dependence of the speed of light in vacuum, and it is the dimension-5 CP T -odd LV operator considered above (see Eq. 1). Constraints on the same operator from observation of energy dependence of GRB light curve, as performed for GRB 090510 [46] , are much weaker than those from observation of polarization such as ours. For this reason, it is natural to interpret the light-curve observation as limits on the dimension-6 LV operator. The observation of GRB 090510 puts the lower bound on the quantum gravity mass scale as M QG,2 > 10 11 GeV. This is consistent with the natural expectation that the quantum gravity mass scale is of the order of the Planck mass.
